Microstructural features of Sn-xZn alloys with varying Zn content of 7, 9, 20, 30 mass% on the electrification-fusion phenomenon were investigated in this study. Experimental results showed that the critical fusion current density (CFCD) of Sn-xZn alloys increased with increasing Zn content. The enrichment of Zn-rich phase was the main factor in the improvement of electrical conductivity and the required electrical current density for triggering microstructural evolution for the hypereutectic Sn-30Zn alloy was much higher than the hypoeutectic Sn-7Zn alloy. There is an obvious difference in the increase rate of CFCD from the hypoeutectic composition (Sn-7Zn) to the eutectic composition (Sn-9Zn) due to the microstructural evolution with increasing Zn content. Through the in-situ examination of microstructural evolution during electrificationfusion tests, the initial site of electrification-fusion-induced failure was significantly emerged from the Sn/Zn eutectic phase for both the hypoeutectic composition (Sn-7Zn) and the hypereutectic composition (Sn-30Zn). The fusion behavior of Sn-7Zn was dominated by double massive fusion regions on Sn/Zn eutectic phase and -Sn phase, whereas the fusion behavior of Sn-30Zn was dominated by massive fusion regions only on Sn/Zn eutectic phase.
Introduction
Since the toxicity of Pb may result in detrimental effects on the environment and human health, searching for a proper solder is important in the electronics industry under the Pbfree regulations. Various Pb-free solders have been proposed, among which the Sn-Zn-series alloys have several benefits such as low eutectic point (for the composition of Sn-9Zn, 471.5 K) close to the conventional Sn-37Pb alloy (456 K), excellent mechanical properties and low cost compared with other Pb-free solder materials. 1, 2) Related studies indicated that the Sn-6.5Zn alloy displays the optimal wetting force among hypoeutectic Sn-xZn alloys (x ¼ 2:5 to 9 mass%) during the competition between overheating and wetting. 3) High-strength aluminum joints were implemented by ultrasonic soldering under liquidus temperature of Sn-xZn hypereutectic alloys (x ¼ 23, 40 and 82 mass%). 4) Furthermore, the needle-like Zn-rich phase decomposes into a particle-like morphology for the Sn-9Zn-1Ag alloy resulted from its apparent electro-migration (EM) effect under the direct current (DC) electrical testing. 5) Previous reports have indicated that the evolution of microstructural features and mechanical properties of solder alloys were significantly related to the EM effect by applying the DC power. [6] [7] [8] In general, solders stressed with current density above 10 8 AÁm À2 for several hours will trigger the EM effect, 9, 10) and so will solders with a lower level of current density. 5, 11, 12) However, the EM effect can be ignored in the case of alternating current (AC) power. 13) With the microminiaturization of electronic devices, e.g., in household appliances, the solder joints inevitably suffer higher electrical current density. Failures of solder joints during electrification and fusion can be attributed to the induced high joule heat with the applying electrical currents. The relationship between microstructural variation of solder joints and the applied electrical current density plays an important role in the electrification-fusion phenomenon for evaluating the failure behavior of solder joints. The previous study indicated that Sn-xZn alloys (x ¼ 7, 9 and 14 mass%, with different microstructures) show a long-term reliable and exhibit a right-shift wear-out failure model when subjected to the Weibull statistics in electrification-fusion reliability experiments. 14) Given the dearth of researches concerning hypereutectic Sn-Zn binary alloys especially vis-à-vis the electrification-fusion phenomenon, the aim of the present study is to clarify the relationship between critical fusion current density (CFCD) and microstructural evolution by means of the electrification-fusion on a series of Sn-xZn alloys (x ¼ 0, 7, 9, 20 and 30 mass%) under an AC power supply. More importantly, this study also aims to find out the origin of the melting-to-solidifying phenomenon in order to comprehend the root cause of the fusion-failure mechanism. Therefore, in-situ examination of microstructural evolution is carried out by AC partial-fusion-electrification without phase migration resulting from the EM effect for various microstructures of selected Sn-Zn solders.
Experimental Procedures
Hypoeutectic, eutectic and hypereutectic Sn-Zn alloys with Zn content of 7, 9, 20 and 30 mass% were prepared by melting pure Sn (99.95 mass%) and pure Zn (99.95 mass%) in a high frequency induction furnace. The chemical composition of the test materials is listed in Table 1 , where the specimens (Sn-7Zn, Sn-9Zn, Sn-20Zn and Sn-30Zn) are designated according to their Zn content. The alloy ingots were remelted to 100 K higher than their individual liquidus temperatures according to a Sn-Zn phase diagram 15) and then cast into a 473 K preheated Y-shaped graphite mold with a constant thickness of 2.4 mm.
The microstructures of Sn-7Zn, Sn-9Zn, Sn-20Zn and Sn30Zn specimens were examined with an optical microscope (OM) and a scanning electron microscope (SEM). The electrical conductivity (% IACS) of the used pure Sn, pure Zn and various Sn-xZn alloys was measured by an electrical conductivity analyzer (type AutoSigma). The % IACS is a physical value which represents the percentage ratio of the conductivity of the materials used to the international annealing copper standard. In order to measure the melting point of these Sn-xZn alloys and understand how the melting behavior corresponds to the measured critical fusion current density (CFCD), differential scanning calorimeter (DSC) measurements were performed at a constant heating rate of 3 K/min to ascertain the melting latent heat of various SnxZn alloys.
Rectangular specimens with a gauge length of 20 mm (l) Â 5 mm (w) Â 0.8 mm (t) were prepared. The surface was carefully ground and polished by sandpapers and 0.3 mm Al 2 O 3 suspension. These specimens were then used to collect electrification-fusion testing data. An AC power supply of 24 V was operated by applying increasing 0.1 V/s to examine the CFCD by electrifying the specimens until they fused completely. In addition, the partial meltingto-solidifying regions were in-situ observed at the middle part of a specimen ( Fig. 1(a) ) while applying the AC to approximately 90% and 75% CFCD values at which the Sn-7Zn and Sn-30Zn specimens have not being fused. These two values were defined based on the emergence of initial melting phenomenon for Sn-7Zn and Sn-30Zn. Meanwhile, since this study involves hypoeutectic and hypereutectic microstructures of Sn-Zn alloy, Sn-7Zn and Sn-30Zn were assigned for in-situ examination of microstructural evolution and the results are discussed in detail in Section 3.2. The measured cooling rates for preparing Sn-7Zn and Sn-30Zn specimens are 0.13 K/s and 0.08 K/s respectively, those are estimated by their cooling curves. Schematic illustrations of the specimens dimension and the setting for the electrification-fusion test are shown in Fig. 1 . For the representative accuracy of CFCD, four specimens of each Sn-xZn alloy system were used for electrification-fusion measurements.
Results

Microstructural feature and electrification-fusion-
induced failure of Sn-xZn alloys Figure 2 (a) represents a typical microstructure of hypoeutectic composition for the Sn-7Zn alloy composed of a uniformly-dispersed dendritic Sn-rich phase (the so-called the -Sn phase) and particle-like Sn/Zn eutectic phase. Figures 2(b) to 2(d) shows the microstructures of eutectic and hypereutectic composition for Sn-9Zn, Sn-20Zn and Sn30Zn alloys. They are composed of needle-like Zn-rich phase and Sn/Zn eutectic phase. The area fraction of Zn-rich phase was quantitatively calculated to be about 10.3%, 22.6% and 43.6% for Sn-9Zn, Sn-20Zn and Sn-30Zn, respectively. Since Sn-xZn alloys have distinct microstructural features with varying the different Zn content, the individual primary phase (such as dendritic Sn-rich and Zn-rich phase) and the distributed amount of Sn/Zn eutectic component result in different electrical effects on the electrification-fusion phenomenon. However, Zn-rich phase will play an important role in enduring the electrical stressing because of its higher conductivity.
Figure 3(a) shows the relationship between CFCD and electrical conductivity (% IACS) for various Sn-xZn alloys (The measured % IACS of pure Zn is about 29.1%). This phenomenon is consistent with the result that Zn has a higher endurance in joule heat because of its higher conductivity than pure Sn. Figure 3 (b) shows that the CFCD increases with increasing Zn content. The average value, which is marked by the short bar in Fig. 3(b) , of pure Sn, Sn-7Zn, Sn-9Zn, Sn-20Zn and Sn-30Zn alloys are 1399, 1619, 1654, 1847 and 2005 (Â 10 4 ) AÁm À2 , respectively. It can be seen that the CFCD not only significantly increased with increasing Zn content but also increased with the conductivity of the Sn-xZn alloys. The melting temperatures and the melting latent heat of the Sn-xZn alloys represented in heat flow curves obtained by DSC analysis are shown in Fig. 4 . We can see that the melting point and melting latent heat of the Sn-xZn alloys (data obtained from the endothermic peak during heating) varies with different Zn content. As a result, it can be inferred that the metallurgical effect of Zn content on the electrification-fusion phenomenon for Sn-xZn alloys is quite relevant to the microstructural features, especially to the distribution of Zn-rich phase. 
Microstructure observance of fusion (partial-fusion)
for Sn-xZn alloys In order to effectively observe a location where melting phenomenon is underway, it is desirable to maintain as close an interval between different phases as possible. Therefore, the hypoeutectic Sn-7Zn alloy possessing dendritic -Sn and substantial Sn/Zn eutectic phase was selected to accurately examine which phase would undergo melting-to-solidifying first. Likewise, the hypereutectic Sn-30Zn alloy has sufficient Sn/Zn eutectic phase and large amount of primary Zn phases. Hence, Sn-7Zn and Sn-30Zn were selected as the representatives of hypoeutectic and hypereutectic compositions for examining in-situ microstructural evolution. Figure 5 and 6 show the microstructural evolution for Sn-7Zn (under exerting 90% of CFCD, 1457 (Â 10 4 ) AÁm À2 ) and Sn-30Zn (under exerting 75% of CFCD, 1504 (Â 10 4 ) AÁm À2 ), respectively. In this investigation, for the purpose to suppress the effect of migration, AC current was applied to the Sn-xZn alloys. During electrificationfusion experiment, joule heat generated from electricity will manifest mainly in the middle region (called the fusionaffected zone, as shown in Fig. 1(a) ), this means that the middle region suffers the most severe joule-heating and will even bring about fusing if CFCD is reached. The left/right side in the vicinity of the middle region is defined as the joule heat-affected zone, which is a transitional area between the original solidified phase and fusion-affected phase and can be regarded as the initial location of fusion phenomenon, however this partial melting phenomenon emerges from roughly the middle region of fusion-affected zone under electrifying, undoubtedly, the eutectic Sn/Zn phase actually are located at this region, consequently would initially be remelted at the fusion-affected zone, the detail will be discussed later. 
Discussion
Referring to the variation of CFCD values with increasing Zn content as shown in Fig. 3 , we can see that an obvious transition of slope is occurred at a composition close to the Sn-7Zn. The reason of obvious slope variation of CFCD can be clarified in detail through the comparisons of Fig. 5 and Fig. 6 in the following discussion. In order to simulate the electrification-fusion behavior, DSC measurements are performed to ascertain the individual melting point and melting latent heat for Sn-7Zn, Sn-9Zn, Sn-20Zn and Sn-30Zn alloys, as shown in Fig. 4 . Undoubtedly, eutectic composition Sn9Zn has more melting latent heat (also representing the endothermic peak or Sn/Zn eutectic phase) than the other compositions herein. But the melting point and melting latent heat are not linearly correlated with the variation of CFCD. Obviously, there must be other factors for how CFCD varies with Zn content. Furthermore, the melting latent heat decreases from eutectic composition (Sn-9Zn) to hypereutectic compositions (as shown in Fig. 4(b) to 4(d) ). This corresponds to the increasing precipitated primary Zn-rich phase and decreasing Sn/Zn eutectic phase as shown in Fig. 2(b) to 2(d) .
Figures 5(a) to (b) displays the microstructural changes of Sn-7Zn with increasing applied current density during the electrification-fusion experiment. Grit-like fusion parts distributed all over the Sn/Zn eutectic phase and circle-like fusion regions are apparent on the dendritic -Sn phase. Particularly massive fusion regions appear on the dendriticSn phase and Sn/Zn eutectic phase. Thus, we can infer that the microstructural feature, as shown in Fig. 5(b) , will be occurred close to the fusion-affected zone. When the specimen suffered electrification, the current flow would preferentially pass through the Sn/Zn eutectic phase due to its higher conductivity than the dendritic -Sn. 14) Because the melting temperature of Sn/Zn eutectic phase (471.5 K) is lower than that of -Sn phase (close to 505 K), the meltingto-solidifying phenomenon originates from the Sn/Zn eutectic phase, and then the Sn/Zn eutectic phase is filled with grit-like fusion parts. Simultaneously, some current would flow toward dendritic -Sn phase. Because the conductivity of -Sn phase is lower than that of Sn/Zn eutectic phase, few circle-like melting-to-solidifying regions appear on the -Sn phase. Microstructural evolution does not occur until the electrical current density reaches about 90% of CFCD in Sn7Zn (Fig. 5(b) ). Conspicuous massive melting-to-solidifying regions are situated on the -Sn phase and Sn/Zn eutectic phase, while the dendritic -Sn phase suffers more fusion than the Sn/Zn eutectic phase. This can probably be ascribed to the lower conductivity of the -Sn phase bringing about larger joule heat than the Sn/Zn eutectic phase. Notably in Fig. 5(c) , the circle-like fusion regions on the -Sn phase materialize near the border between the Sn/Zn eutectic phase and -Sn phase, and they display a substantially finer Sn/Zn eutectic phase.
With applying SEM/EDS spot-check results (an average of three spots), as listed in Table 2 , the concentration of Zn is about 1.8 at% and 19 at% for unmelted -Sn and circle-like fusion regions, respectively. And the results for the oxygen concentration are about 0 at% and 5.9 at%. We can assume that local sites of -Sn undergo phase melting, rapid solidification and Sn-Zn dissolution while ceasing electrification. Moreover, the original concentration of Zn is 5.9 at%, but the massive fusion region on the Sn/Zn eutectic phase is 22.7 at%. On the other hand, the results for the concentration of oxygen are about 0 at% before electrification test, and 8.0 at% (Table 2) for partial melting region. The increase of oxygen concentration can be resulted from the oxidation of these fusion regions for both phases (-Sn and Sn/Zn eutectic phase). Consequently, all of the melting-to-solidifying regions on the Sn/Zn eutectic phase in the Sn-7Zn contribute to an increase in the concentration of Zn, it is suitable to suggest that the Zn atoms diffuse into the matrix in the process of melting and quickly solidify because of the concentration difference between the Zn-rich phase and Sn/Zn eutectic phase, and a supersaturated phases could be acquired. For hypereutectic specimens, Fig. 6(a) shows the microstructure at the middle part of the as-cast Sn-30Zn specimen. The microstructural evolution does not occur until the electrical current reaches about 75% of CFCD for the Sn30Zn (as shown in Fig. 6(b) and 6(c) ). The morphology of heat-affected zone, as shown in Fig. 6(b) , at the left/right side in the vicinity of fusion-affected zone can be regarded as the initial fusion location which displays considerable radial-like features next to Zn-rich phases as indicated in Fig. 6(b) . According to the in-situ examination of Fig. 6(a) , massive fusion regions can be found on the Sn/Zn eutectic phase while Zn-rich phases are almost intact at 75% of CFCD for Sn-30Zn, as shown in Fig. 6(c) . Considering the microstructural changes from Fig. 6 (a) to 6(c) during the electrification-fusion experiment, due to the higher conductivity and melting point of Zn-rich phase than those of Sn/Zn eutectic phase, 14) the applying current flow would preferentially pass through the Zn-rich phase, and then quickly transfer into the Sn/Zn eutectic phase while electrifying the specimen. Then the joule heat generated from electricity will first raise the temperature to reach the melting temperature of Sn/Zn eutectic phase. This process would leave behind radial streaks caused by fusion in the heat-affected zone such as the initial fusion region in Fig. 6(b) . In Fig. 6(c) , conspicuous massive melting-to-solidifying regions are situated only on the Sn/Zn eutectic phase, while the Sn/Zn phase suffers more fusion than the Zn-rich phase. This can probably be ascribed to the lower conductivity of the Sn/ Zn phase bringing about larger joule heat than the Zn-rich phase.
In addition, through the spot-check of SEM/EDS analysis (an average of three spots), the original concentration of Zn is about 9.8 at%, but the massive fusion region on Sn/Zn eutectic phase is 18 at%. On the other hand, the results for the concentration of oxygen are about 12.3 at% before electrification test, and 20 at% ( Table 2) for partial melting region. Likewise, the partial fusion mechanism for all of the meltingto-solidifying regions on the Sn/Zn eutectic phase in the Sn30Zn resembles that for those on the Sn/Zn eutectic phase in Sn-7Zn. Thereafter in Fig. 6(c) , massive fusion regions would extend over the whole Sn/Zn eutectic phase. As mentioned above, the Zn-rich phases have a higher conductivity than Sn/Zn eutectic phase and are considered hindrances to current or joule heat spreading, they will hinder massive fusion regions on the Sn/Zn eutectic phase from extending and connecting to one another and finally fusing. Consequently, Sn-30Zn needs a substantially larger amount of current density to fuse completely compared with the hypoeutectic composition of the Sn-Zn alloy.
Judging from the above-mentioned in Figs. 5 and 6 with Fig. 3(a) and 3(b) , on the one hand, the CFCD and conductivity of pure Sn are 1399 (Â 10 4 ) AÁm À2 and 14.5% IACS, respectively. It is a persuasive standpoint that the hypoeutectic composition of the Sn-Zn alloy possesses considerably more -Sn phase and more Sn/Zn eutectic phase (representing the endothermic peak during heating) than the hypereutectic composition of the Sn-Zn alloy in Fig. 4 , and the most dominant fusion indication (massive fusion region) may originate from the -Sn phase together with fusion regions on the Sn/Zn eutectic phase and easily or quickly cause resultant fusing. On the other hand, the CFCD of eutectic and hypereutectic composition of Sn-xZn alloys (x ¼ 9; 20; 30 mass%) are relatively higher than that of Sn7Zn and pure Sn. Compared with the hypoeutectic composition of Sn-Zn alloy, the hypereutectic composition of Sn-Zn alloys abound with Zn-rich phases but have less Sn/Zn eutectic phase. Even though the temperature has reached or surpassed the melting temperature of Sn/Zn eutectic phase, the Zn-rich phases provide effective hindrances for the extension of massive fusion regions on the Sn/Zn eutectic phase. Thus, in order to totally fuse the hypereutectic composition of Sn-Zn alloys, larger CFCD is needed.
All in all, the most dominant fusion-preferred site for hypoeutectic composition of Sn-Zn alloy includes double massive fusion regions mainly on the -Sn phase and on the Sn/Zn eutectic phase; whereas the most dominant fusionpreferred site is only on eutectic phase for eutectic and hypereutectic compositions of Sn-Zn alloy. In consequence, there is an obvious slope variation of CFCD at Sn-7Zn. Noticeably, the current density required for triggering microstructural evolution of Sn-7Zn and Sn-30Zn are 1457 (Â 10 4 ) AÁm À2 and 1504 (Â 10 4 ) AÁm À2 , both of these values are larger than the CFCD of pure Sn (1399 (Â 10 4 ) AÁm À2 ); namely, Sn-rich phase is probably the major factor in causing the initial microstructural evolution in Sn-Zn alloys during electrification.
To conclude, an in-situ examination of microstructural evolution can actually reflect the underlying characteristics of the respective phases and provide a better understanding of how respective phases' layout and physical properties finally affect critical fusion current density over the course of electrification. A combination of in-situ examination and consideration of microstructural features will be helpful for better prediction of electrification-fusion-induced failure behavior of Sn-Zn alloys and other Pb-free solder systems.
Conclusions
The effect of Zn content on the microstructural evolution and fusion-failure mechanism was characterized. The results can be summarized as follows:
(1) The electrical conductivity of Sn-xZn alloys increases with increasing the Zn-rich phase content. The critical fusion current density has a tendency to increase due to Zn phase which has higher conductivity. (2) There is an obvious slope variation of critical fusion current density between the hypoeutectic (Sn-7Zn) and eutectic (Sn-9Zn) composition because double massive fusion regions on both -Sn phase and Sn/Zn eutectic phase dominate the fusion behavior of hypoeutectic alloys. Massive fusion regions solely on Sn/Zn eutectic phase govern the fusion behavior of eutectic and hypereutectic alloys. (3) The applying current density required for triggering the fusion-induced microstructural evolution of Sn-7Zn and Sn-30Zn is at least equal to or larger than the CFCD of pure Sn. (4) An in-situ examination of microstructural evolution can clearly account for the complete fusion process and correlate the electrification-fusion-induced failure mechanism to the metallurgical microstructure of SnxZn alloys.
